Optical properties of dust aggregates are important at various astrophysical environments. To find a reliable approximation method for optical properties of dust aggregates, we calculate the opacity and the asymmetry parameter of dust aggregates by using a rigorous numerical method, the T-Matrix Method (TMM), and then the results are compared to those obtained by approximate methods; the Rayleigh-Gans-Debye (RGD) theory, the effective medium theory (EMT), and the distribution of hollow spheres method (DHS). First of all, we confirm that the RGD theory breaks down when multiple scattering is important. In addition, we find that both EMT and DHS fail to reproduce the optical properties of dust aggregates with fractal dimension of 2 when the incident wavelength is shorter than the aggregate radius. In order to solve these problems, we test the mean field theory (MFT), where multiple scattering can be taken into account. We show that the extinction opacity of dust aggregates can be well reproduced by MFT. However, it is also shown that MFT is not able to reproduce the scattering and absorption opacities when multiple scattering is important. We successfully resolve this weak point of MFT, by newly developing a modified mean field theory (MMF). Hence, we conclude that MMF can be a useful tool to investigate radiative transfer properties of various astrophysical environments. We also point out an enhancement of the absorption opacity of dust aggregates in the Rayleigh domain, which would be important to explain the large millimeter-wave opacity inferred from observations of protoplanetary disks.
1. INTRODUCTION Dust aggregates are ubiquitous at various astrophysical environments where coagulation of dust particles can take place, such as molecular clouds (Ormel et al. 2009 (Ormel et al. , 2011 Steinacker et al. 2010) , protoplanetary disks (Blum & Wurm 2008; Okuzumi et al. 2012) , and planetary atmospheres (Marley et al. 2013) . Optical properties of dust aggregates are key ingredients of the radiative transfer in these environments, and these often govern observational appearance of the environments.
Optical properties of dust aggregates have been calculated by using numerical methods, such as the TMatrix Method (TMM; Mishchenko et al. 1996) and the Discrete Dipole Approximation (DDA; Purcell & Pennypacker 1973; Draine & Flatau 1994) . By using these techniques, a multitude of numerical studies have been performed (e.g., Kimura et al. 2016; Silsbee & Draine 2016) . Unfortunately, these numerical methods are still computationally demanding, in particular, when the size parameter of aggregate particles becomes large, and hence approximate methods are useful for many astrophysical purposes. Many approximate methods have been proposed so far (e.g., Bohren & Huffman 1983; Ossenkopf 1991; Mukai et al. 1992; Stognienko et al. 1995; Botet et al. 1997; Voshchinnikov et al. 2005; Voshchinnikov et al. 2007; Min et al. 2003 Min et al. , 2005 Min et al. , 2008 Min et al. , 2016 ; however, it still remains unclear which of them can reliably reproduce optical properties of aggregate particles.
In the series of this paper, we study optical properties of dust aggregates using TMM and investigate a fast and reliable approximate method which is able to reproduce the TMM results. A byproduct of finding a reliable approximation is that it leads to better, or sometimes intuitive, understanding of their optical properties. Tazaki et al. (2016, henceforth Paper I) studied the angular dependence of the scattering of fractal dust aggregates, such as the phase function and the degree of polarization and showed that the Rayleigh-Gans-Debye (RGD) theory is an useful method for calculating these properties. This study examines the angle-integrated optical properties of dust aggregates, such as the opacity and the asymmetry parameter.
This paper also attempts to relax a limitation of the RGD theory studied in Paper I. Because the RGD theory is a single scattering theory, it is applicable when multiple scattering is sub-dominant. This limitation is expected to be relaxed by considering the multiple scattering effect. For this purpose, we adopt the mean field assumption (Berry & Percival 1986) . With this assumption, multiple scattering can be solved self-consistently, while keeping most of the formulation of the RGD theory preserved (Botet et al. 1997) . We refer to this approach as the mean field theory (MFT). In this paper, we test the validity of MFT and discuss whether it is a reliable approximation or not. If not, we propose an alternative method.
Furthermore, we test the validity of other widely used approximate methods, such as the effective medium theory (EMT; Mukai et al. 1992; Henning & Stognienko 1996; Min et al. 2008 ) and the distribution of hollow spheres method (DHS; Min et al. 2003 Min et al. , 2005 Min et al. , 2016 . For example, these methods have been commonly used in both observational and theoretical studies of circumstellar environments (e.g.. Ormel et al. 2011; Min et al. 2012; Kataoka et al. 2014; Cuzzi et al. 2014; Woitke et al. 2016) .
In the EMT method, a dust aggregate is approximated by a single homogeneous sphere, and then the Mie theory (Bohren & Huffman 1983 ) is applied to obtain the optical properties. In this method, information of the dust aggregate, such as the size, the porosity and the composition, is reduced to a quantity, so-called the effective dielectric function. Paper I showed that EMT cannot reproduce the phase function of fluffy dust aggregates. In this paper, we study the validity of EMT in the calculations of the opacity and the asymmetry parameter. Our primary focus is large relatively porous dust aggregates; ballistic cluster cluster agglomerates (BCCA) and ballistic particle cluster agglomerates (BPCA). Shen et al. (2008) studied the validity of EMT for small and compact ballistic dust aggregates, such as BPCA and more compact dust aggregates.
DHS is an approximate method to mimic optical properties of irregularly shaped particles (Min et al. 2005 . In the DHS method, optical properties of dust aggregates are obtained by using those of hollow spheres. DHS seems to capture optical properties of irregularly shaped particles in the Rayleigh domain, such as an enhancement of the absorption opacity and the red shifted solid state feature (Min et al. 2003 (Min et al. , 2006 . The applicability of DHS to the larger particles has been mainly tested using compact dust aggregates (porosity of 25% in Min et al. (2016) ); therefore, in this paper, we test the applicability of DHS to large fluffy dust aggregates (porosity 85%).
It is known that coagulation of dust particles leads to an enhancement of the absorption opacity in the Rayleigh domain (Wright 1987; Bazell & Dwek 1990; Kozasa et al. 1992; Mackowski 1995; Henning et al. 1995; Stognienko et al. 1995; Mackowski 2006; Köhler et al. 2011 ). In the case of protoplanetary disks, a value of the absorption opacity at millimeter wavelength is important because it is often used to derive the disk dust mass (Beckwith et al. 1990 ). We investigate how an enhancement of the absorption opacity of the dust aggregate depends on its number of monomers, structure, and composition. In addition, we also discuss the methods that might be used to approximate this effect.
This paper is organized as follows. In Section 2, we summarize light scattering models of fractal dust aggregates based on the RGD theory and MFT. In Section 3, we show that MFT can reproduce the extinction opacity; however, MFT fails to reproduce the scattering and ab-sorption opacities. We propose a modification to MFT, a modified mean field theory (MMF), whose validity is also tested in this section. In Section 4, we compare the optical properties obtained by other approximate methods (EMT and DHS) to those obtained by TMM and discuss their validity. In Section 5, we study an enhancement of the absorption opacity of dust aggregates in the Rayleigh domain. Section 6 summarizes the results of this study. Table 1 shows the list of abbreviations of various methods used in this paper.
2. LIGHT SCATTERING MODELS Light scattering models for fractal dust aggregates are presented. For the sake of simplicity, we consider dust aggregates of identical monomers. For many astrophysical purposes, orientation averaged optical properties of dust aggregates are important. Hence, we consider optical properties of the dust aggregates averaged over random orientations.
Light scattering models described below are based on the statistical distribution of monomers in the aggregate. Once the optical properties are averaged over random orientations, these properties are well described by the aggregate model with a statistically isotropic distribution of monomers. As a consequence, the random orientation assumption makes light scattering models rather simple, e.g., scattering properties do not depend on the zenith angle (see e.g., Paper I). A caveat of the statistically isotropic assumption is that applications to dichroic extinction or polarized emission are precluded.
The calculation of MFT has the following three steps. The first step is to calculate optical properties of a monomer particle (Section 2.1). At the second step, interference of scattered waves from each monomer is calculated under the single scattering assumption (Section 2.2), where the statistical arrangement of monomers is assumed (see Section 2.4). The final step is to calculate multiple scattering using the mean field approximation (Section 2.3). Note that the first and second steps correspond to the RGD theory (Paper I).
Optical properties of a spherical monomer
Light scattering models presented below are applicable to a single monomer size and single isotropic composition. In this paper, all monomers are assumed to be spherical, and hence the Mie theory (Bohren & Huffman 1983) can be used to obtain optical properties of the monomer.
In what follows, we adopt the same notation as Bohren & Huffman (1983) . For an isolated sphere, the expansion coefficients of the scattered field in vector spherical harmonics are related to those of the incident field via the Lorenz-Mie coefficients (a n , b n ) (Bohren & Huffman 1983 ):
where m is the complex refractive index, x = kR 0 is the size parameter of the monomer, R 0 is the radius of the monomer, k is the wavenumber in vacuum, and ψ and ξ are the Riccati-Bessel functions. Once the Lorenz-Mie coefficients are obtained, optical properties of the monomer, e.g., the opacity and the scattering matrix, are immediately derived (e.g., Bohren & Huffman 1983) . For example, the extinction cross section can be obtained by the optical theorem:
where C 0 ext represents the extinction cross section of the individual monomer and superscript "0" denotes a single monomer. The elements of the amplitude scattering matrix are
where π n = P 1 n / sin θ and τ = dP 1 n /dθ, where P 1 n is the Legendre Polynomials. Using Equations (4 and 5), one can calculate scattering matrix elements (see Chapter 3 of Bohren & Huffman 1983) . For example, the (1,1) element of the scattering matrix, S 11 , which is related to the scattered intensity, can be expressed as
RGD theory
The RGD theory, or the first order of the Born approximation, calculates the interference of scattered waves from every monomer taking the aggregate structure into account (e.g., Paper I). In the RGD theory, the aggregate structure is specified by using the two-points correlation function. The RGD theory can be applicable when
where ∆φ is the (maximum) phase shift of the dust aggregate defined by ∆φ = max(2x|m − 1|, 2x c |m eff − 1|),
1 The criterion was slightly modified from Paper I based on the argument presented in Sections 3.2 and 3.5. Mukai et al. (1992) ; Kataoka et al. (2014) EMT (APMR-Mie) Mie theory with aggregate polarizability mixing rule Min et al. (2008) DHS Distribution of hollow spheres Min et al. (2005 Min et al. ( , 2016 CDE Continuous distribution of ellipsoids Bohren & Huffman (1983) where x c = kR c is the size parameter of the dust aggregate, R c is the characteristic radius of the dust aggregate defined by R c = 5/3R g , where R g is the radius of gyration defined by Equation (14) in Paper I, and m eff is the effective refractive index of the dust aggregate calculated by using the Maxwell-Garnett mixing rule (Maxwell Garnett 1904) .
In the RGD theory, the absorption cross section of the dust aggregate, C (RGD) abs , can be written as
where N is the number of monomers and C 0 abs represents the absorption cross section of the individual monomer (Berry & Percival 1986) . It follows from Equation (10) that the mass absorption opacity of dust aggregates becomes exactly the same as that of the monomer. The scattering cross section of the dust aggregate, C sca , is defined as
where θ is the scattering angle and S 11,agg is the (1,1) element of the scattering matrix of dust aggregates. As shown in Paper I, the (1,1) element of the scattering matrix of dust aggregates obtained by the RGD theory, S
11,agg , can be written by
where S(q) is the static structure factor (or the simply structure factor) and q = 2k sin(θ/2) is a magnitude of the scattering vector. The static structure factor specifies the statistical arrangement of monomers in the aggregate, and it is equivalent to the Fourier transform of the two-points correlation function (see Section 2.4 for more detail). The scattering cross section of the dust aggregate in the RGD theory, C (RGD) sca , can be obtained by substituting Equation (12) into Equation (11). The extinction cross section is then calculated by C
MFT
The effect of multiple scattering can be readily implemented by means of the mean field approximation (Berry & Percival 1986; Botet et al. 1997) . One advantage of the mean field approximation is that it preserves the optical theorem. Conversion from the RGD theory to MFT can be achieved by replacing the Lorenz-Mie coefficients of the monomer by
1,n are coefficients of the mean field obtained from a set of linear equations (Botet et al. 1997 )
where coefficientsĀ 1,ν 1,n andB 1,ν 1,n are defined in Appendix A. The first terms in the parenthesis of right hand side of Equations (14, 15) correspond to the external field, and the second terms represent the contribution of multiply scattered light in the dust aggregate. In the absence of multiple scattering, the second terms in the parenthesis become zero; therefore, (d
1,n ) = (a n , b n ). Thus, the formulation of MFT coincides with the RGD theory.
The harmonic expansions in Equations (14, 15 ) are truncated at the order of ν 0 . We set ν 0 as the closest integer to x + 4x 1/3 + 2 (Bohren & Huffman 1983) . Using Equations (14, 15), the mean field (d
1,n ) can be obtained by inversion of a 2ν 0 × 2ν 0 complex matrix. Therefore, the matrix size depends only on the monomer size parameter, and then the computational cost of matrix inversion is irrelevant to the number of monomers. Therefore, optical properties of dust aggregates with a large number of monomers can be readily computed.
Once (d
1,n ) are obtained, one can readily calculate optical properties of fractal dust aggregates. In MFT, the extinction cross section of the dust aggregate is simply the sum of the extinction cross section of the individual monomer; hence, we have
where we have used Equations (3 and 13) (Botet et al. 1997) . Similarly, the scattering cross section is obtained by using Equations (11, 12, 13) . The absorption cross section is then obtained by C
Static structure factor
Computations of the RGD theory and MFT require calculations of the static structure factor. The role of the static structure factor is to specify the aggregates structure. In this paper, we assume that the monomer distribution in the aggregate is statistically isotropic (Paper I). Because the static structure factor is the Fourier transform of the two-points correlation function g(u), it can be written as
The meaning of g(u) is a probability to find a pair of monomers separated by a distance u. In the case of fractal dust aggregates, the explicit expression of g(u) is available (e.g., Paper I):
where f c represents the cut-off of the two-points correlation function, d f is the fractal dimension, and δ is the Dirac delta function. Note that the radius of gyration and the monomer radius are related via N = k 0 (R g /R 0 ) d f , where k 0 is the fractal prefactor. In Equation (18), the Dirac delta function is inserted so that self-correlation is taken into account (Paper I). Several models of the cut-off function f c have been proposed so far, such as the exponential cut-off (Berry & Percival 1986) , Gaussian cut-off (Sorensen 2001; Paper I) , and fractal dimension cut-off (Botet et al. 1995) , and those have the forms of Botet et al. (1995) found that the FLDIM cut-off model seems to be appropriate choice for dust aggregates with
What is the appropriate choice of the cut-off function for dust aggregates with d f > 2? For d f = 3, both the GAUSS and FLDIM models can produce the extinction cross section to an accuracy better than 20% (see Appendix B for more detail). However, the EXPTL model is not able to reproduce the extinction opacity of BPCA. The FLDIM model is slightly more accurate than the GAUSS model. On the other hand, an advantage of the GAUSS model over the FLDIM model is that the computation is fast because integration of Equation (17) can be done analytically (Paper I). In this paper, we use the FLDIM model in computations of the RGD theory and MFT.
3. OPACITY OF FRACTAL DUST AGGREGATES 3.1. Set up
We consider two types of fractal dust aggregates, BCCA and BPCA. Typically, BCCA have d f = 1.9 and k 0 = 1.03, corresponding to the fluffy structure, and BPCA have d f = 3.0 and k 0 = 0.3, corresponding to the compact structure (see also Figure 1 of Paper I). Although BPCA have d f = 3, a porosity of the aggregates is typically high, which is around 86%. For optical properties of more compact dust aggregates, see e.g., Shen et al. (2008 Shen et al. ( , 2009 Min et al. (2016) . We calculate optical properties of BCCA and BPCA using TMM. Calculations of TMM are performed using the Fortran 77 code SCSMFO1B.FOR 2 armed with the Quasi Monte Carlo method (Okada 2008) . The Quasi Monte Carlo method is a method that enables fast computation of orientation averaging of dust aggregates. In our TMM calculations, optical properties of each aggregate is averaged over 30 different orientations. In addition, we produce 10 (4) different BCCA (BPCA) with the same number of monomers, and then their optical properties are averaged. We use the optical constants of astronomical silicate (Draine & Lee 1984; Laor & Draine 1993) , and the material density is assumed to be 3.3 g cm −3 . Denote N O by the number of orders retained in the harmonic expansions of each monomer. The required value of N O for convergence depends on the refractive index and the proximity of neighboring monomers (Mackowski 1994) . Because astronomical silicate has large values of the refractive index at FIR and mm wavelengths (see e.g., Figure 3 of Paper I), large N O value is required for convergence even if the monomer radius is much smaller than the wavelength (see e.g., Mackowski 1994 Mackowski , 1995 Mackowski , 2006 . In order to attain convergence at FIR and mm wavelengths for astronomical silicate, we set N O = 10 for λ > 10 µm. For the case of a two-sphere cluster, N O = 10 gives rise to the relative error of the extinction cross section less than 0.35%. For λ < 10 µm, we truncate the harmonic expansion of each monomer particle until the error torrence of the extinction efficiency of 10 −4 is attained.
Validity of MFT and the RGD theory
We calculate the opacities of BCCA and BPCA using TMM, the RGD theory, and MFT. The monomer radius and the number of monomers are set as R 0 = 0.1 µm and N = 1024, respectively. Hence, BCCA and BPCA have the radii of gyration of R g = 3.73 µm and R g = 1.51 µm, respectively (see Table 1 in Paper I). In Figure  1 , we show the wavelength dependence of opacities of the BCCA and BPCA models.
First of all, the extinction opacities of the BCCA and BPCA models are discussed. At ∆φ < 1 (longer wavelength domain), the RGD theory can reproduce the extinction opacities of both BCCA and BPCA models. On the other hand, at ∆φ > 1, the opacities obtained by the RGD theory are significantly overestimated. This is because at ∆φ > 1, multiple scattering cannot be negligible, and hence the single scattering assumption of the RGD theory breaks down. As a result, it is found that the validity of the RGD theory can be well predicted by Equation (8) 3 . In order to obtain correct opacities at ∆φ > 1, we use MFT, where multiple scattering can be taken into account. Surprisingly, MFT can reproduce the extinction opacities of both the BCCA and BPCA models. The extinction opacities obtained by MFT agree with the TMM results to an accuracy of ≤ 25% and ≤ 15% for both BCCA and BPCA models, respectively.
Secondly, we discuss the scattering and absorption opacities of BCCA and BPCA models. As we have discussed so far, MFT can account for the extinction opacity well. However, as shown in Figure 1 , the scattering and absorption opacities obtained by MFT deviate from the TMM results when ∆φ > 1. This reason is discussed in Section 3.3 and Appendix C.
Finally, we mention convergence of the TMM results to the geometrical optics limit at the short wavelength domain. Horizontal solid lines in Figure 1 indicate the opacity in geometrical optics limit, where the geometrical cross sections are obtained by using the empirical formulae derived by Minato et al. (2006) . Note that, in the case of extinction, the opacity is a twice of the geometrical cross section divided by the mass of the aggregate. It can be seen from Figure 1 that when ∆φ 10, the extinction opacities obtained by TMM agree with those obtained from the geometrical optics limit. Figure 1 shows that MFT gives reliable results for the extinction opacity at arbitrary ∆φ, but it fails to reproduce the scattering and absorption opacities at ∆φ > 1. The incorrect behavior of MFT is due to the fact that the single scattering albedo at multiple scattering domain obtained by MFT is exactly the same as that of the RGD theory, which is a single scattering theory (see Appendix C for more detail).
Interpretations of the MFT results
In order to demonstrate that the error of single scattering albedo correlates with the incorrect behavior of the scattering and absorption opacities, we show the relative errors of MFT in Figure 2 . Let ∆ω denote the residual in the single scattering albedo between the RGD theory and the TMM results; hence, we can write
, where ω (RGD) and ω
represent the single scattering albedo calculated by the RGD theory and TMM. Since the RGD theory tends to overestimate the albedo, ∆ω > 0. Suppose the extinction cross section obtained by MFT is correct, then the relative errors in the scattering and absorption opacities of MFT can be estimated to be ∆ sca ∆ω/ω (TMM) and ∆ abs ∆ω/(ω (TMM) − 1), respectively. In Figure 2 , it is clear that the incorrect behavior of the single scattering albedo of the RGD theory well correlates with the relative error of the absorption and scattering opacities obtained by MFT. The absorption cross section (or opacity) will be underestimated by at most 94% for BPCA and 87% for BCCA with N = 1024 and R 0 = 0.1 µm. As a result, it is shown that the over/under-estimation of the scattering and absorption opacities is due to the fact that the albedo of MFT is the same as that of the RGD theory. This property of MFT is due to the mean field assumption; therefore, the over/under-estimation of the scattering and absorption cross sections is inevitable when MFT is used. Figure 2 also shows that the error in the extinction cross section becomes large at long wavelength domain. In addition, it is also found that this error does not correlate with that of the single scattering albedo. This is due to the interaction of neighboring monomers which is important when the refractive index is large at the Rayleigh domain (see also Sections 3.5 and 5)
Modified Mean Field theory
As shown in Sections 3.2 and 3.3, MFT fails to reproduce the scattering and absorption opacities when multiple scattering is important. In order to avoid these problems, we propose a prescription which enables to calculate the opacities at multiple scattering domain almost correctly. Hereafter, we call our approach as a modified mean field theory (MMF).
The opacity calculation in MMF is performed by as follows. First of all, we calculate the extinction cross section using MFT (Equation 16), that is, C
, since MFT successfully reproduces the extinction cross section as shown in Section 3.2. The second step is to calculate the absorption cross section. As we have mentioned, the cross section obtained by the TMM results approach to the geometrical optics limit at the short wavelength domain. In the geometrical optics limit, the absorption and scattering cross sections can be given by the geometrical cross section of dust aggregates unless the reflection comes into play (e.g., Bohren & Huffman 1983 ). Based on above considerations, we introduce the following empirical expression
where G is the geometrical cross section of the aggregates. By using Equation (20), the absorption cross section obtained by MFT is connected to the geometrical cross section at the short wavelength domain. When the absorption cross section obtained by the RGD theory exceeds the geometrical cross section (τ 1), the absorption cross section becomes equal to the geometrical cross section G. In the long wavelength domain, τ 1, and then
. Note that in Equation (20), the maximum value is taken so that MFT is chosen at the single scattering region rather than the RGD theory. The geometrical cross section G is estimated using the empirical formulae of Minato et al. (2006) . Finally, we calculate the scattering cross section using C In Figure 3 , the opacities calculated by MMF for the BCCA and BPCA models are shown. In addition, Figure 4 shows the relative error in extinction, absorption, and scattering cross sections of MMF and TMM. The absorption opacities of MMF agree with the TMM results to an accuracy of ≤ 20% and ≤ 25% at λ ≤ 20 µm for BCCA and BPCA, respectively. Since MFT gives rise to the errors in the absorption opacity as large as 87% and 94% for the BCCA and BPCA models, respectively, the MMF can improve the accuracy of the absorption opacity. In addition, accuracy of the scattering opacity is also improved in the MMF. One may notice that the absorption opacity is systematically underestimated at the long wavelength domain. In this region, the absorption opacities are underestimated by 41% and 43% for the BPCA and BCCA models, respectively (see Sections 3.5 and 5 for more detail).
Next, in order to check the validity of MMF at various parameters, we vary the monomer radius. Figure  5 shows the extinction and absorption cross sections of BCCA and BPCA obtained by TMM and MMF, where the number of monomers is set as N = 128 and the monomer radii are varied from R 0 = 0.01 µm to R 0 = 1.0 µm. To reduce computational costs, we use N = 128 instead of N = 1024. Although at the long wavelength domain, MMF systematically underestimates the absorption (or extinction) opacity, MMF can reproduce overall wavelength dependence of the opacities. Even if the monomer radius is varied, MMF still works well. As a result, although the empirical prescription adopted in MMF is simple, accuracy of the absorption cross sections of MFT is significantly improved.
Error at the long wavelength domain
In Figures 3 and 5 , it was shown that MMF underestimates the absorption opacity at the long wavelength domain. At this wavelength domain, the RGD theory, MFT, and MMF show almost the same results, since the single scattering is the dominant (∆φ < 1). Hence, this systematic underestimation is a common property in light scattering models presented in Section 2. This error is due to the proximity effect of neighboring monomers, and this is related to the violation of Equation (7). Astronomical silicate has large refractive index at long wavelength domain (see Figure 3 in Paper I). According to the results shown in Figure 3 for the BPCA model, relative error of MMF exceeds 20% at |m − 1| > 2. Hence, satisfying Equation (7) guarantees the accuracy better than 20% in the RGD theory, MFT, and MMF. The physical origin of this effect, or the proximity effect, is further discussed in Section 5.
DETAILED COMPARISONS TO OTHER APPROXIMATE METHODS
We compare the opacities and the asymmetry parameter obtained by TMM to those obtained by EMT and DHS. In addition, we also compare the opacities of porous dust aggregates and a compact sphere with the volume equivalent radius, r V = R 0 N 1/3 1.0 µm. Note that all acronyms "EMT" used in this section denote EMT (MG-Mie).
We calculate the absorption and scattering opacities of BCCA and BPCA with N = 1024 and R 0 = 0.1 µm, and the results are presented in Figure 6 . Detailed comparisons of the results between TMM and the Mie theory, EMT, and DHS are given in Sections 4.1.1, 4.1.2, and 4.1.3, respectively. The asymmetry parameter and the effective albedo of the aggregates are discussed in Section 4.2.
Opacities

Comparison between the Mie theory and TMM
As a starting point of our discussion, it is helpful to see how porous dust aggregates (TMM) differ from a homogeneous sphere with the volume equivalent radius (the Mie theory) in the opacities. In Figure 6 , we plot the results obtained using the Mie theory for a sphere with radius r V = R 0 N 1/3 , where the optical constant is the same as that of the monomer, that is, astronomical silicate.
First of all, we discuss the absorption opacities (top panels in Figure 6 ). In Figure 6 (top panels), it is clear that the absorption opacities obtained by the Mie theory are significantly different from those obtained by TMM for both BCCA and BPCA models. When λ 2πr V 6 µm, the Mie theory underestimates the absorption opacities. This is because the Mie theory cannot correctly treat the proximity effect of the monomers (see Section 5 for more detail). This indicates that even if the wavelength is much longer than the radius of the dust aggregate, the homogeneous sphere with the volume equivalent radius is not a good representative of the porous dust aggregate in terms of opacities. This is mainly due to the fact that when |m − 1| 1, the absorption opacity in the Rayleigh domain is very sensitive to particle shape. Note that in the Rayleigh domain, the Mie theory with a volume equivalent sphere gives the absorption cross section of N C 0 abs , which is the same as that of MMF 4 . At λ 2πr V 6 µm, the opacities obtained by the Mie theory show shallower wavelength dependence than those obtained by TMM. The absorption opacities of the BPCA and BCCA models are similar to that of a single monomer as long as ∆φ < 1 (see, for example, lines of the RGD theory in top panels of Figure 6 ), whereas the absorption opacity of the Mie theory reflects the property of the particle larger than the monomer radius. As a result, the Mie theory tends to overestimate the absorption opacities at infrared wavelengths, whereas it underestimates the opacities at visible and UV wavelengths.
Next, we discuss the scattering opacities of the BCCA and BPCA models (middle panels in Figure 6 ). In the case of scattering, the structure of dust aggregates plays essential roles in the scattering process (Paper I). The Mie theory deviates from the TMM results at λ 2πR g . Since BCCA and BPCA models show R g = 3.7 µm and R g = 1.5 µm, these wavelengths are corresponding to λ 23 µm and λ 9.4 µm for the BCCA and BPCA models, respectively. As a result, the Mie theory cannot predict the scattering opacity outside the Rayleigh domain of the dust aggregates (λ 2πR g ).
Since the Mie theory fails to reproduce both absorption and scattering opacities of dust aggregates, the single scattering albedo also shows incorrect behavior at the short wavelength domain (bottom panels in Figure  6 ). Note that as the wavelength decreases, the single scattering albedo obtained by both the Mie theory and TMM approaches to a value of 0.5. This value corresponds to the single scattering albedo in the geometrical optics limit without reflection.
Therefore, the Mie theory with the volume equivalent radius cannot capture the opacity at both inside and outside the Rayleigh domain of dust aggregates.
Comparison between EMT (MG-Mie) and TMM
In the EMT method, a dust aggregate is approximated as a single homogeneous sphere with the effective di- electric function, and then the Mie theory is used to obtain optical properties (e.g., Mukai et al. 1992) . The effective dielectric function is commonly derived using either the Maxwell-Garnett mixing rule or the Bruggeman mixing rule, although various mixing rules have so far been proposed (Ossenkopf 1991; Stognienko et al. 1995; Henning & Stognienko 1996; Min et al. 2008) . Voshchinnikov et al. (2007) compared different mixing rules and found that the Bruggeman mixing rule generally provides reliable results. When the volume fraction of the inclusion is much smaller than that of matrix, the Maxwell-Garnett mixing rule can also give reliable results. Because we consider porous dust aggregates (porosity 85%), we adopt the Maxwell-Garnett mixing rule (Maxwell Garnett 1904) . The filling factor of the dust aggregate is defined by using its characteristic radius ).
In Figure 6 , we compare the wavelength dependence of EMT (MG-Mie) and TMM.
First of all, we discuss the absorption opacities (top panels in Figure 6 ). Similar to the case of the homogeneous sphere, EMT also fails to reproduce absorption opacity at the Rayleigh domain (kR c < 1). This is because EMT (MG-Mie) cannot reproduce the proximity effect of neighboring monomers (see Section 5 for more detail). Note that in the Rayleigh domain, the absorption cross section calculated by EMT (MG-Mie) equals to N C 0 abs , which is the same as that of MMF. At kR c > 1, EMT seems to reproduce the absorption opacities for both aggregates models except for λ 1 µm. Using EMT (MG-Mie), Kataoka et al. (2014) showed that the absorption opacities of the dust aggregates are the same as long as R c f remains constant. Since R c f ∝ N 1−2/d f , the absorption opacity of the dust aggregates with d f = 2, like BCCA, does not depend on the number of monomers N . Thus, the absorption opacity of BCCA obtained by EMT becomes almost the same as that of the single monomer. Note that when the aggregate radius is not too large, the absorption opacity of dust aggregates with d f = 3 becomes also similar to that of the single monomer. As a result, for both BCCA and BPCA models, EMT shows the ab- sorption opacity similar to that of the monomer, and hence, EMT seems to reproduce the opacity obtained by TMM. However, once the wavelength becomes close to the monomer radius, e.g., λ 1 µm, the EMT results deviate from the TMM results. This deviation is due to the fact that the Maxwell-Garnet mixing rule assumes that the monomers are in the Rayleigh domain; thus, it cannot be used where the monomer size parameter is large. Next, we discuss the scattering opacity (middle panels in Figure 6 ). EMT is able to reproduce the scattering opacity of BPCA at almost all wavelengths. The opacity of BPCA is characterized by small angle scattering. Since EMT is able to reproduce small angle scattering almost correctly (see Figure 5 (a) of Paper I), EMT successfully reproduce the scattering opacity of BPCA. However, EMT fails to reproduce the scattering opacity of BCCA when λ 2πR g . In the case of BCCA, scattering opacity is characterized not only small angle scattering but also intermediate angle scattering. EMT significantly underestimates the scattered intensity at intermediate and back scattering angles (see Figure 5 (a) of Paper I); therefore, EMT fails to reproduce the scattering opacity of the BCCA model when λ 2πR g .
Thirdly, we discuss the single scattering albedo. Since EMT cannot reproduce the scattering opacity outside the Rayleigh domain for BCCA, the single scattering albedo is also incorrect at this region. For BPCA, the single scattering albedo is almost accurate unless the monomer size parameter is large.
Our results imply that optical properties of porous dust aggregates are governed not only porosity, but also fractal dimension. Even if the porosity of two dust aggregates are similar, their optical properties can be different when their fractal dimensions are not the same. Voshchinnikov et al. (2007) performed the DDA calculations of porous spheres and concluded that EMT can be applicable to highly fluffy dust aggregates (porosity > 90%) if the mixing rule is properly selected. However, the particle configuration adopted in the DDA calculations in Voshchinnikov et al. (2007) is very similar to the randomly distributed Rayleigh inclusions encased in a given spherical volume. It is known that such a particle configuration gives rise to show similar optical properties to those of EMT (see e.g., Mishchenko et al. 2016) . Therefore, the agreement between DDA and EMT in Voshchinnikov et al. (2007) is presumably due to their particle configuration. Indeed, the phase function of fractal dust aggregates of Rayleigh monomers (porosity > 90%) is significantly different from that obtained by EMT (Kozasa et al. 1993; Shen et al. 2009 ; Paper I).
Comparison between DHS and TMM
DHS is an approximate method to obtain scattering and absorption properties of irregularly shaped particles (Min et al. 2003 (Min et al. , 2005 . In DHS, optical properties of hollow spheres are averaged over a distribution, while keeping the material volume preserved:
where f v is the fraction of vacuum of the hollow sphere, n(f v )df v is a number of hollow spheres in a range [f v , f v + df v ], A(r in , r out ) represents an optical quantity of the hollow sphere with inner and outer radii of r in and r out , and r V is the volume equivalent radius. The distribution function is assumed to have (Min et al. 2005 )
where f max is the free parameter of the DHS method, and it is sometimes referred to as the irregularity parameter. In this paper, we adopt f max = 0.8 . Since each monomer of dust aggregates has the homogeneous silicate composition in our dust model, we use astronomical silicate for the shell composition of the hollow spheres. Optical properties of a hollow sphere are obtained by using the code dmilay f95.f (Toon & Ackerman 1981) , which is included in OpacityTool of the DIANA standard opacities ).
In Figure 6 , we compare the opacities obtained by DHS to those obtained by TMM.
First of all, we discuss the absorption opacities (top panels in Figure 6 ). Unlike the Mie theory and EMT, DHS can show large absorption opacities at the Rayleigh domain (kR g < 1), and this is one of the important properties of the DHS method. The form factor distribution of the DHS particle model is somewhat similar to that of fractal dust aggregates (Min et al. 2006) , and hence, DHS succeeds to produce an enhancement of the absorption opacity at the Rayleigh domain (see Section 5 for more detail discussion).
Outside the Rayleigh domain (kR g > 1), it is found that DHS fails to reproduce the TMM results. It is also shown that the opacities obtained by the DHS method is similar to those of the Mie theory. As we mentioned, the absorption opacities of BCCA and BPCA are characterized by the monomer's property when ∆φ < 1. Because the DHS method does not include the information of the monomer radius in the formulation, it is not surprising that DHS fails to reproduce the TMM results.
Secondly, we explain the scattering opacities of BCCA and BPCA models (middle panels). Outside the Rayleigh domain (kR g > 1), DHS does not reproduce the scattering opacities of TMM. Similar to the case of the absorption opacity, the scattering opacities obtained by DHS are very similar to those obtained by the Mie theory. Because in the DHS method, the scattering opacity is averaged over the distribution of hollow spheres, interference in the scattering opacities are smeared out; hence, the DHS results show more smooth wavelength dependence compared to those obtained by the Mie theory.
Thirdly, we discuss the single scattering albedo. Since DHS does not reproduce both absorption and scattering properties for BCCA and BPCA outside the Rayleigh domain, the albedo at this wavelength domain deviates from the TMM results.
As a result, we conclude that DHS is not able to reproduce both absorption and scattering opacities of BCCA and BPCA at kR g 1. Min et al. (2016) showed that DHS seems to capture the opacities of compact dust aggregates. This difference is presumably due to the fact that both BCCA and BPCA are porous enough (porosity 85%) so that optical properties of monomers tend to govern the optical properties of the dust aggregates. Since DHS does not include the information of the monomer in the calculations, it fails to reproduce the optical properties of dust aggregates. If the dust aggregates are compact enough so that optical properties are governed by bulk properties of dust aggregates rather than the monomer, DHS is considered to be a good approximation as shown in Min et al. (2016) . Figure 7 shows the asymmetry parameter g and the effective albedo (1−g)ω. The g parameter represents the degree of forward scattering, e.g., g = 0 means isotropic scattering and g = 1 means perfect forward scattering. When the aggregate is in the Rayleigh domain (kR g < 1), scattering becomes isotropic, and hence, g = 0. Once the wavelength becomes shorter than the size of dust aggregates (kR g > 1), forward scattering happens, and hence, g increases.
Asymmetry parameter and effective albedo
First of all, we discuss the asymmetry parameter of BCCA. As long as the single scattering assumption is validated (∆φ < 1), the angular dependence of scattering can be understood in terms of the static structure factor (see Paper I). Since, in the single scattering domain, EMT tends to significantly underestimate the side-and back-scattering intensity due to destructive interference (Paper I), the g value quickly approaches to unity as decreasing the wavelength. However, as shown in Paper I, BCCA does not show an efficient destruction of scattered waves. As a result, the wavelength dependence of the g value is much softer than the EMT results. Since MMF, MFT, and the RGD theory take the realistic static structure factor into account, they can reproduce the wavelength dependence of g. At the multiple scattering region (∆φ > 1), the scattering phase function does not necessary to obey the static structure factor. Therefore, MMF, MFT, and the RGD theory may not be a predictable theory for the phase function in the multiple scattering domain, although opacities can be correctly calculated even in the multiple scattering domain. Next, we discuss the asymmetry parameter of BPCA. In this case, the single scattering assumption can be readily violated, and then the g parameter obtained by MMF, MFT, and the RGD theory is less accurate than the case of BCCA. Since DHS does not take the static structure factor into account, it cannot reproduce the phase function as well as the asymmetry parameter at the single scattering domain. As a result, DHS fails to reproduce the wavelength dependence of g for both BPCA and BCCA outside the Rayleigh domain.
Next, we discuss the effective albedo of the aggregate particles. Since forward scattering is hardly observable for most cases, it is useful to define an albedo without including the contribution of forward scattering. In this paper, we adopt a simple definition of the effective albedo, (1−g)ω. Suppose particles show perfect forward scattering (g = 1), then incident light seems to just pass through the particles without changing the direction; hence, the observer (supposed to be at θ = 0) does not see any scattered light. In this case, the effective albedo (1 − g)ω gives zero. If particles show isotropic scattering (g = 0), the effective albedo gives the single scattering albedo ω.
At the bottom panels of Figure 7 , we show the effective albedo of the BCCA and BPCA models. In case of BCCA, the effective albedo obtained by EMT is two orders of magnitude smaller than the TMM results at near-infrared wavelength. Again, this is due to the destructive interference of EMT, and then, EMT give rise to the extremely strong forward scattering which makes the effective albedo significantly low. In addition, color of the effective albedo obtained by EMT is reddish. This is due to the fact that forward scattering becomes strong for shorter wavelengths. As a result, if EMT is applied to BCCA, scattering of BCCA shows very faint and reddish color. However, the TMM results show that this behavior is not true. The effective albedo of BCCA is not so faint as expected from EMT and shows gray color instead of reddish color.
This result have an interesting implication to the scattered light observations of protoplanetary disks. Mulders et al. (2013) pointed out the color and brightness problem of scattered light images of protoplanetary disks and suggested that this problem might be solved by considering the presence of large fluffy dust aggregates (porosity > 99%). However, our results imply that large fluffy dust aggregates, like BCCA, do not show faint and reddish color in the effective albedo. We will not go into the details of this topic here because it is beyond the scope of this paper. However, this topic will be discussed in more detail in our forthcoming paper.
ABSORPTION PROPERTY OF THE AGGREGATE IN THE RAYLEIGH DOMAIN
We investigate the absorption opacity of dust aggregates in the Rayleigh domain. As mentioned in Sections 3.5 and 4, the absorption opacity at the Rayleigh domain obtained by TMM is larger than that obtained 
Mie MMF (This study) TMM Figure 7 . Same as Figure 6 , but for the asymmetry parameter and the effective albedo.
by the Mie theory, the RGD theory, MFT, MMF, and EMT (MG-Mie). In this section, we study a physical process that is responsible for the enhancement of the absorption opacity. It is worth mentioning that the enhanced absorption of dust aggregates would be important to explain the large millimeter-wave opacity inferred from observations of protoplanetary disks.
Origin of the enhanced absorption
Qualitative argument
The enhanced absorption of dust aggregates in the Rayleigh domain has been reported by a number of authors (Wright 1987; Bazell & Dwek 1990; Kozasa et al. 1992; Mackowski 1995; Henning et al. 1995; Stognienko et al. 1995; Mackowski 2006; Köhler et al. 2011) 5 . We can qualitatively understand the origin of the enhanced absorption of dust aggregates by a simple argument presented in Henning et al. (1995 considered that spheres form a straight chain elongated parallel to the incident electric field and approximated this sphere cluster by a cylinder. For the case of an isolated single sphere, the internal electric field is weakened by the depolarization effect of surface charges, which appear as a consequence of electrostatic polarization of the particle. However, for the case of a sufficiently long cylinder, depolarization can be negligible for incident light polarized along the elongation (see e.g., p. 147 of Bohren & Huffman 1983) ; hence, the internal electric field can be as strong as the external field. As a result, strong absorption happens. Since dust aggregates may contain a chain-like pattern being almost orientated to the incident field, this effect is expected to remain in dust aggregates. Thus, in general, the absorption opacity in the Rayleigh domain depends on the particle shape through the depolarization factor. 5.1.2. Enhanced absorption of a two-sphere cluster Henning et al. (1995) approximated an elongated sphere cluster as a cylinder. Because the particle shape sensitively affects its absorption property, we need to directly solve the internal field of a sphere cluster (Mack-owski 1995 (Mack-owski , 2006 for quantitative estimate of the enhanced absorption.
First of all, we study the enhanced absorption of a very simple system, that is, a two-sphere cluster. We perform TMM calculations of a two-sphere cluster with a fixed orientation using mstm-v3.0 code 6 . Each spherical particle has the radius R 0 = 0.1 µm, and the incident wavelength is set as λ = 1 mm. Therefore, both of a whole cluster and each spherical monomer are in the Rayleigh domain. The refractive index is set as astronomical silicate at λ = 1 mm, and hence, m = 3.434 + 0.049i. Figure 8 show the electric field strength map at the cross section including the centers of two spheres. In the map, both internal and external electric fields of the cluster are shown. It can be seen from Figure 8 that the strong electric field appears in the vicinity of a contact point of two spheres. When the harmonic expansion of each particle is truncated at the dipole term (N O = 1), the electric field in the vicinity of the contact point becomes weak. In addition, when two spheres are separated, the internal electric field becomes weak. Therefore, the enhanced absorption is due to the proximity effect of the neighboring monomer, and higher order terms of the harmonic expansion are important for this effect.
In Table 2 , the absorption cross section of a two-sphere cluster, which is normalized by the individual sum of the monomer's absorption cross section, N C 0 abs , are summarized. Note that the normalization of the Table 2 values, N C 0 abs , equals to the absorption cross section of the cluster obtained by the RGD theory, MFT, MMF, EMT (MG-Mie) and the Mie theory with a volume equivalent sphere. Note that not only the RGD theory, but also MFT, MMF, EMT (MG-Mie) and the Mie theory with a volume equivalent sphere show the absorption cross section N C 0 abs (see Figure 6) . Thus, values given in Table 2 may be regarded as the deviation of these methods from TMM at the Rayleigh domain with m = 3.434 + 0.049i. From Table 2 , we can see that the calculation included only dipole expansion underestimates the absorption opacity of the cluster by around 16% for astronomical silicate at λ = 1 mm for contacting spheres. Once two monomers are separated, interaction between monomers becomes weak, and hence, the absorption cross section of two spheres approaches to the individual sum of each absorption cross section.
This results clearly demonstrate that the importance of higher order expansion for the monomer in the Rayleigh domain. Even if the monomer particle radius is much smaller than the wavelength, higher order terms of harmonic expansion can largely contribute to the absorption opacity when the refractive index is large. Hence, magnitude of the enhanced absorption reported by studies (e.g., Bazell & Dwek 1990; Kozasa et al. 1992; Stognienko et al. 1995) should be regarded as the lower limit, because in these studies, each spherical monomer is replaced by a single dipole moment. Although Stognienko et al. (1995) adopt dipole approximation for each monomer (in their DDA model), it should be mentioned that they have also examined multipole approximation for each monomer where they considered at most 4th order multipole expansion (in their DMM model).
Enhanced absorption of dust aggregates
We study the enhanced absorption of sphere clusters with more complicated structure and discuss how the number of monomers, the aggregate structure, and the composition affect it.
We consider two types of dust aggregates, BCCA and BPCA, and number of monomers is varied from 1 (single monomer) to 1024. Although Mackowski (2006) has already studied the enhanced absorption for the clustercluster aggregation model, we focus on more compact dust aggregates as well as BCCA.
We adopt the same numerical method and set up as Section 3.1, except for the refractive index. Refractive index of the monomer is taken from astronomical silicate or amorphous carbon at λ = 1 mm. Optical constants of amorphous carbon is taken from the BE model of Zubko et al. (1996) , and it has m = 12.67 + 4.597i. The material density of amorphous carbon is set as 1.8 g cm −3 . Note that Because we adopt N O = 10 for amorphous carbon, the result for amorphous carbon might be underestimated, and hence it should be regarded as the lower limit. Figure 9 shows the absorption opacity of dust aggregates. As increasing the number of monomers, the absorption opacity also increases. However, once the number of monomers exceeds around N ∼ 10 2 , the absorption opacity does not depend on the number of monomers. Surprisingly, the absorption opacity of BPCA is very close to that of BCCA, although their overall shapes are significantly different. In addition, the enhancement of the absorption opacity is large for Figure 8 .
The electric field strength map for a two-sphere cluster at the cross section including centers of two spheres. The electric field is normalized by the electric field strength of the incident light E0. Both vertical and horizontal axes are normalized by the monomer radius R0. A two-sphere cluster is elongated along y direction (horizontal axis), while the incident light polarized along y direction is propagating along z direction (vertical axis). (left) Two spheres are in contact, and for each sphere, higher order of harmonic expansion is included (NO = 10), (middle) two spheres are in contact, and for each sphere, only dipole term is included (NO = 1), and (right) two spheres are separated by the center-to-center distance of 1.5R0, and higher order expansions is included.
the dust aggregates with large refractive index. Therefore, the dust aggregates with amorphous carbon show large excess in the absorption opacity compared to the case of astronomical silicate. In this case of amorphous carbon, even if the volume equivalent aggregate radius is 1 µm, the absorption opacity of the aggregate is significantly enhanced.
At N = 1024, dust aggregates with amorphous carbon show κ abs 5 cm 2 per gram of dust. This value is much higher than the commonly used opacity value in millimeter-wave observations of protoplanetary disks (Beckwith et al. 1990) , whereas the opacity for N = 1 is smaller than its value. Our results demonstrate that the large opacity value adopted in Beckwith et al. (1990) can be readily achieved by considering the proximity effect of dust aggregates in the Rayleigh domain. Therefore, the millimeter-wave opacity value presented in Beckwith et al. (1990) is possibly explained not only mm-sized compact grains (D'Alessio et al. 2001 ), but also small dust aggregates.
Can we approximate the enhanced absorption?
We compare the enhanced absorption of approximate methods; EMT and DHS. In addition, we consider two types of mixing rules in the EMT calculations: MG-Mie and APMR-Mie.
MMF, MFT, and the RGD theory
According to Equation (10), MMF, MFT and the RGD theory predict that the absorption opacity of dust aggregates is the same as that of the monomer in the Rayleigh limit. Figure 10 shows that the absorption opacity obtained by MMF is smaller than that obtained by TMM. This is because the connection effect is not included in MMF, MFT, and the RGD theory.
EMT: APMR-Mie
Min et al. (2008) proposed a mixing rule so-called aggregate polarizability mixing rule (APMR). APMR is the same as the Maxwell-Garnett mixing rule except for the polarizability of inclusions. In the Maxwell-Garnett mixing rule, polarizability of the inclusion is determined by assuming the spherical inclusions. In APMR, the polarizability is given by the CDE model so that the effect of irregularly shaped monomer can be taken into account. It is worth noting that the CDE model has similar distribution of form factor with fractal dust aggregates of spherical monomers (Min et al. 2006) , and hence EMT (APMR-Mie) might be used to approximate the enhanced absorption of dust aggregates.
We can write an explicit form of the effective dielectric function of APMR:
where i is the dielectric function of inclusions, and we have assumed that the dielectric function of matrix m = 1. Figure 10 show the extinction opacity obtained by EMT with Maxwell-Garnett mixing rule and APMR. Note that we use the characteristic radius R c in order to define the filling factor the of dust aggregate, whereas Min et al. (2008) used the radius of gyration.
Since the Maxwell-Garnett rule mixing assumes the individual sum of polarizability of spherical monomers as the total polarizability of dust aggregates, EMT (MGMie) does not include the proximity effect. Therefore, it coincide with the MMF result in the Rayleigh limit, (Min et al. 2008) , and the DHS method with fmax = 0.8 and 0.5 (Min et al. 2005) .
and then the absorption opacity obtained by EMT (MGMie) is underestimated compared to the TMM result in the Rayleigh limit. The APMR method also assumes individual sum of CDE polarizability; however, EMT (APMR-Mie) can show the enhanced absorption. This is because polarizability of the ellipsoidal particle is larger than that of sphere with the same volume. The EMT (APMR) seems to overestimate the absorption opacity; however, it should be keep in mind that our TMM results should be regarded as the lower limit (see Section 5.4).
DHS
In Figure 10 , we also plot the opacity obtained by DHS with f max = 0.8. In DHS, the absorption opacity at the Rayleigh domain can be tuned by the irregularity parameter f max . When f max = 0.5, DHS gives rise to the similar absorption opacity to that obtained by TMM. Figure 10 shows that when f max = 0.8, the opacities of EMT (APMR-Mie) and DHS at the Rayleigh domain are quite similar. It is known that there is a similarity between CDE and DHS. This similarity can be reduced to the similarity of polarizability between a hollow sphere and an ellipsoid in the Rayleigh limit (Min et al. 2003 (Min et al. , 2006 . In the case of a randomly orientated ellipsoid, polarizability is increased when the axis ratio is increased. In the case of a hollow sphere, polarizability in the Rayleigh domain can be given by
where V m is the material volume (Bohren & Huffman 1983) . f v = 0 gives the polarizability of the homogeneous sphere. When the material volume is fixed, increasing f v results in an increase of the polarizability α. In the analogy of ellipsoids, increasing f v is similar to decreasing the depolarization factor (see e.g., Chapter 5 of Bohren & Huffman 1983 , for the definition of the depolarization factor). Therefore, averaging hollow spheres over a distribution of various f v is similar to the average of ellipsoids with various axis ratio.
Effects not considered in this study
Our TMM calculations are based on spherical monomers with a point connection. However, realistic monomers are connected via the non-zero contact area. Köhler et al. (2011) studied the enhanced absorption for various connection states, e.g., the presence of neck structure, of the sphere cluster and concluded that the contact area can largely affect the quantitative estimate of the enhanced absorption when the refractive index is large.
Another effect that is not considered in our TMM calculations is non-sphericity of the monomer. Since nonsphericity of the monomer, such as elongation and surface roughness, increases the absorption cross section of the single monomer, it is expected that introducing nonsphericity of monomers further increases the absorption opacity of the dust aggregates.
Therefore, the absorption opacities in the Rayleigh domain obtained in our TMM calculations should be regarded as the lower limit. We expect that when the non-sphericity of the monomer and a neck structure between monomers are taken into account, the absorption opacity becomes larger than that obtained by our TMM calculations, and it may be close to that estimated by EMT (APMR-Mie) or DHS with f max = 0.8.
6. CONCLUSION By using various numerical methods, we have calculated the opacities for absorption and scattering of two types of fractal dust aggregates, BCCA and BPCA, which have fractal dimensions of 2 and 3, respectively. The opacities obtained by the TMM method, a rigorous numerical method, were compared to those obtained by approximate methods, the RGD theory, MFT, EMT and DHS. The results in our comparison can be summarized as follows.
1. The extinction opacity of BCCA and BPCA obtained by TMM are well reproduced by using MFT for all parameters we have tested (see Section 3.2). On the other hand, the RGD-theory breaks down when multiple scattering is important (∆φ > 1).
2. MFT fails to reproduce absorption and scattering opacities, once multiple scattering starts to dominate the scattering (∆φ > 1). The absorption opacity at the multiple scattering domain is underestimated by at most 94% and 87% for the BPCA and BCCA models, respectively. We showed that this is due to the fact that the mean field assumption gives rise to the incorrect estimate of the single scattering albedo at the multiple scattering domain (see also Equations (C9 and C10)).
3. We propose a simple modification of MFT, which was referred to as MMF. We showed that MMF can reproduce the absorption and scattering opacities at the multiple scattering domain (see Section 3.4), as well as the asymmetry parameter (see Section 4.2). MFT enables to compute opacities of fractal dust aggregates rapidly and accurately. The advantage of MMF is that information of monomer and fractal dimension (aggregates structure) are retained in the formulation; therefore, we can study how monomers and aggregate structures affect observational properties of astrophysical environments, such as protoplanetary disks and planetary atmosphere.
4. EMT tends to underestimate the absorption opacity when the monomer size parameter becomes large for the BCCA and BPCA models. Although it seems to be able to reproduce scattering opacity of BPCA, EMT significantly underestimates the scattering opacity of BCCA when λ < 2πR g . EMT shows prominent forward scattering (see Paper I), and hence, EMT underestimates the effective albedo of BCCA by an order of magnitude (see Section 4.1.2).
5. DHS does not reproduce the absorption and scattering opacities of BCCA and BPCA at the wavelengths shorter than the size of dust aggregates (see Section 4.1.3). This is presumably due to the fact that these aggregates are porous enough (porosity 85%) so that the monomers tends to govern the optical properties, whereas the DHS method does not include the information of monomer in the calculation.
6. Coagulation of dust particles leads to an enhancement of the absorption opacity due to the proximity effect. The enhanced absorption opacity of dust aggregates in the Rayleigh domain obtained by the TMM calculations can be roughly reproduced DHS with f max = 0.5. However, it is important to keep in mind that our TMM estimates of the absorption opacity in the Rayleigh domain should be regarded as the lower limit (see Section 5).
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p+1/2 (u) is the Hankel function. When p has the same parity with n + ν, the coefficient B always vanishes because integrand of Equation (A4) becomes odd function, whereas the coefficient A becomes not-zero because integrand of Equation (A3) becomes even function. On the other hand, when p does not have the same parity with n + ν, the coefficient A vanishes, whereas the coefficient B becomes non-zero. Above parity argument is useful to speed up the computation of the mean field values.
We numerically integrate a(ν, n, p), b(ν, n, p), and s p (kR g ) instead of using recurrence relations given in Appendix of Botet et al. (1997) . In Table 3 , mean field values of first 5 orders for reaction-limited cluster-cluster aggregates (RCCA) model are shown. Parameters used to obtain the mean field values in Table 3 are as follows. RCCA has fractal dimension of d f = 2.0 and fractal prefactor of k 0 = 0.825 (Botet et al. 1995) . We adopt λ = 0.8 µm, R 0 = 0.5 µm, N = 64, and complex refractive index as m = 1.4 + 0.0001i. Although our results showsd
(1) 1,1 = (0.352, 0.245), whereas Botet et al. (1997) showsd (1) 1,1 = (0.996, 0.041) with the same parameters. We also compare our results to those obtained by the mean field code implemented by Pascal Rannou, and two results agrees well. As a result, we speculate that this mismatch is due to typographical errors in Botet et al. (1997) , noting that it is impossible to check because the original code is not available any more (Robert Botet and Pascal Rannou, in private communication).
B. TEST OF DIFFERENT CUT OFF MODELS OF TWO-POINTS CORRELATION FUNCTION
We investigate how the choice of cut-off models given in Equation (19) affects the value of the extinction opacity. We calculate the extinction opacities of BCCA and BPCA. The monomer radius and the number of monomers are set as R 0 = 0.1 µm and N = 1024, respectively. The refractive index is assumed to be astronomical silicate. (19)). Figure 11 shows the extinction opacities of the BCCA and BPCA models obtained by MFT. In the case of the BCCA model, the FLDIM and GAUSS models show almost similar results, whereas the EXPTL model fails to reproduce the extinction opacity obtained by TMM. For the BPCA model, both the GAUSS and FLDIM models can produce the extinction cross section to an accuracy less than 20%. Therefore, we recommend to use the GAUSS or FLDIM cut-off model. One advantage to use the GAUSS model is that integration of the static structure factor (see Equation (17)) can be done analytically (see Paper I), and hence, the fast computation is possible compared to the FLDIM model. On the other hand, an advantage of using the FLDIM model is that it is slightly more accurate than the GAUSS model.
C. BEHAVIOR OF OPACITIES CALCULATED BY MFT
The behavior of MFT can be captured by considering a scalar wave scattering theory (Berry & Percival 1986) . Suppose the scalar wave incident on jth monomer can be denoted by ψ j = c j exp[ik i · r j ], where k i is the wave vector of the (externally) incident light, r j is the position vector of jth monomer, and c j represents the effect of multiple scattering, e.g., c j = 1 means single scattering. The mean field assumption implies that c j must be the same for every monomer; hence, we write c = c j =constant. According to Berry & Percival (1986) , the self-consistent solution to c becomes
where τ is related to the scattering amplitude of a single monomer via τ /k, and Q is a quantity that depends on the aggregate structure and the wavelength (for more detail, see Berry & Percival 1986) . For large N , the c value is governed by the quantity N τ Q. Berry & Percival (1986) showed that |N τ Q| has following dependences:
It follows from Equations (C7,C8) that |N τ Q| is irrelevant to N for d f < 2, whereas |N τ Q| increases with increasing N for d f > 2. When |N τ Q| 1, |c| 1, and hence, single scattering is the dominant process. In this case, MFT coincides with the RGD theory. As increasing |N τ Q|, the effect of multiple scattering increases. When |N τ Q| is slightly less than unity (still multiple scattering is sub-dominant), we have |c| > 1; hence multiple scattering strengthens the incident field. It can be seen from Figure 1 that at the wavelengths where the phase shift is slightly smaller than unity, the extinction opacities of MFT is slightly larger than those of the RGD theory. Once |N τ Q| exceeds unity, |c| < 1. This means that multiple scattering has a role in reducing the net incident field. Because multiple scattering weakens the incident field, the extinction opacities obtained by the MFT become smaller than those of the RGD theory.
According to Berry & Percival (1986) , scattering and absorption cross sections of MFT can be rewritten by 
